GAAR, KERMIT A., JR. Model to facilitate studying oxygen and carbon dioxide transport. Am. J. Physiol. 260 (Adv. Physiol. Educ. 5): S6-S9, 1991.-A simple model has been constructed for microcomputer (PC) simulations involving basic cardiopulmonary principles of oxygen transport. Students can change parameters such as metabolic rate, blood hemoglobin concentration, barometric pressure, air composition, etc., and study parameter effects on blood gas concentrations and partial pressures. An important feature of the model program is that there are no negative feedback controls to maintain homeostasis. However, after a perturbation has been introduced, adjustments can be made to appropriate variables to correct for abnormal effects. For example, ventilation rate and blood hemoglobin concentration might be adjusted to compensate for low atmospheric oxygen. Because these do not change automatically in the model program, learning is enhanced when the student has to make the appropriate adjustments needed to correct disturbances in the blood gases that follow a perturbation. computer model; blood gases; cardiopulmonary physiology WHEN WE THINK of respiration, what usually comes to mind is the movement of air into and out of the lungs. This is important, because it allows for oxygen absorption and carbon dioxide removal where the blood contacts the respiratory membrane. However, it is no less important to think of respiration in terms of the cardiovascular system, which acts to transport the blood gases between the lungs and the tissues. Transport of oxygen and carbon dioxide involves three main areas: these gases are transported between the atmosphere and alveoli by lung ventilation, between lungs and tissues via circulating blood, and between tissue capillaries and cells by the diffusion process (Fig.  1 ). This would not be possible were it not for the presence of hemoglobin in the blood. Because oxygen is only slightly soluble in the water of the blood, its combination with hemoglobin increases the oxygen transport capacity of blood -60-fold. Carbon dioxide is -20 times more water soluble than oxygen, but its transport also depends heavily on hemoglobin.
Under normal conditions, the amount of oxygen that moves from the atmosphere to the tissues is determined by the rate at which the tissues use oxygen. This also determines the amount of carbon dioxide that moves in the opposite direction. In a normal resting individual, the rate of oxygen use and carbon dioxide production is constant, and the concentrations of these gases in the body do not change. In order for this steady-state condition to be maintained, there must always be a parity between 1) the rate of lung ventilation, 2) the rate of tissue perfusion, and 3) the rate of tissue utilization of oxygen. If any one of these changes, even slightly, then the concentrations of the gases in the body will change also. Furthermore, the "rate of tissue perfusion" is meant to include both the rate of oxygen delivery to and the rate of carbon dioxide removal from the tissues. This is determined by the product of blood flow rate and the blood concentrations of oxygen or carbon dioxide. The latter are determined mainly by the transport "capacity" of the blood for these gases, which was mentioned above in conjunction with blood hemoglobin concentration.
These and other factors can be studied with the 02/ CO2 Transport Model. This is an improved version of an earlier model program used to study oxygen transport that was originally written in the Applesoft BASIC language for use with the Apple II series of microcomputers (1). Carbon dioxide transport was added to this new revision, and a second version of the model has been developed using QuickBASIC (Microsoft) for use with the IBM-PC and compatible microcomputers.
The model program was constructed for the purpose of facilitating the study and understanding of basic cardiopulmonary principles of oxygen and carbon dioxide transport. It is intended for use as a supplement to basic instruction, mainly by medical and graduate students at an introductory level. This might be accomplished in several different ways, depending on the requirements of the students or instructors and the facilities available. One example would be to use the model to demonstrate physiological simulations in a classroom setting. This approach is especially useful if microcomputer facilities are limited. However, if sufficient microcomputers are available for access by the students, then they can be allowed to work their way through the exercises provided. The instructor might also want to supplement these with additional exercises and/or study questions.
The physiological principles of the respiratory model are based on the concept of a normal or "ideal" lung in which there is no inequality of ventilation/perfusion to impair gas exchange, as is often found in diseased lungs. In effect, the lung is modeled as a single large alveolus with one blood supply instead of the many smaller subunits that actually exist. An analogous situation is considered to be present in the tissues where gas exchange occurs. In addition, the effects of pH, temperature, etc.,
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1043-4046/91 $1. Complete documentation of the model and instructions for performing some special selected physiological simulations have been prepared and are available for distribution with the model program. For example, one can examine the effects of a change in the barometric pressure, such as occurs when one ascends a mountain or descends underwater (deep-sea diving), or one can study the effects of increased metabolism (exercise). Other studies could be the effects of oxygen therapy on acute heart failure or on acute respiratory failure. variables is shown in Fig. 2 . A summary listing of the values of the important model parameters and variables can be printed at any time during a simulation.
For convenience, the model program is completely menu driven. A simulation can be interrupted at any time and a menu will appear on the screen. The menu gives a list of different options from which a selection can be made, as follows: 1) resuming the simulation without changing parameter values, 2) changing parameter values and resuming the simulation, 3) printing current data to the screen or a printer, 4) ending the current simulation and starting over with a new simulation, and 5) quitting the simulation session.
Whenever option 2 is selected the operator is prompted to make changes in the model parameters; an example of this process is shown in Fig. 3 . Adjustments can be made to pulmonary ventilation, cardiac output, and the rate of oxygen use by the tissues. (An important physiological concept that the model reinforces is the fact that parity between these three basic factors is necessary for the blood and tissue concentrations of the important respiratory gases to remain completely normal.) Another factor that can be adjusted is the blood hemoglobin concentration. In addition, the oxygen pressure of the inspired air can be changed in two different ways. One way is to change the barometric pressure, and the other way is to change the inspired air oxygen concentration.
There are no automatic (reflex) adjustments to breathing or blood flow built into the model program to counter the effects of the changes described above. Instead, the operator must supply any interventions needed to correct a disturbance, which is part of the learning experience provided by the model. For example, to keep blood gases within a normal range during exercise, one must learn to coordinate lung ventilation with changes in cardiac output. After having tried this manually for several simulations, one can better appreciate the body's mechanisms that perform these functions automatically.
Another important feature of the model program is incorporated into option 4. This option allows for beginning a new simulation with a new graph or leaving the graph of the previous simulation on the screen for overlaying the new simulation. This is useful if one wants to compare the results of two simulations.
For example, one might study the effects of different types of interventions to correct a particular disturbance and have all recorded on the same graph.
Carbon dioxide is formed as oxygen is metabolized by the body tissues. Consequently, tissue PCO~ depends on the rate at which oxygen is used and on the rate at which carbon dioxide is removed from the tissues by blood flow. There are two mechanisms that the cardiopulmonary system can use to help compensate for an elevated rate of carbon dioxide production due to acutely increased metabolism.
One is to increase cardiac output via the body's tissue blood flow autoregulation phenomenon (2). This carries the carbon dioxide away from the tissues as fast as it is formed. The other mechanism is to increase the rate of lung ventilation.
The effect of this is not so obvious, but it works because tissue carbon dioxide levels are also affected by the PCO~ of the arterial blood entering the tissues. Furthermore, arterial blood PCO~ is determined by the rate of alveolar ventilation that removes carbon dioxide from the pulmonary blood.
The tissues of the body contain large stores of carbon dioxide, and an average adult produces several hundred liters daily. It is especially important that none of this excess carbon dioxide be allowed to accumulate in the body. An important indicator of the level of carbon dioxide in the body is the PCO~ of the venous blood (Pvco,) leaving the tissues. This is because it is in equilibrium with the tissue Pco~. The important factors affecting tissue Pco~, as indicated by Pvco2, are given by equations found in the APPENDIX.
Namely, these are 1) the rate of carbon dioxide formation, 2) the lung ventilation rate, 3) the tissue blood flow, and 4) the blood's capacity to transport carbon dioxide. The latter is mainly determined by the blood hemoglobin concentration.
Because hemoglobin binds with both carbon dioxide and with the hydrogen ions formed from carbonic acid, it is responsible for as much as 80-90% of the total amount of carbon dioxide transported.
The relative importance of the above parameters to total carbon dioxide transport can be seen graphically in Fig. 4 . At normal carbon dioxide production, ventilation has the greatest effect. Blood flow is not shown, but it is about equal in effect to blood carbon dioxide transport capacity, which is mainly determined by blood hemoglobin concentration.
For example, lowering either blood hemoglobin concentration or cardiac output to one-third normal should cause Pv co, to increase from a normal value of 45 Torr to -53-55 Torr. (Note also that although Pvco, has risen, the total blood carbon dioxide concentration has fallen.) To summarize, because Pvco, is also an important indicator of the body tissue PCO~ level, total body stores of carbon dioxide can be expected to increase whenever blood hemoglobin concentration or cardiac output falls below normal. This could be prevented, however, if there were a compensatory increase in ventilation.
Use of the model in this manner to examine the relationship between these variables will further illustrate and reinforce the concept that a parity must be maintained to keep the blood and tissue gas levels from changing appreciably. co, and Pvco, are arterial and venous Pco2,
